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Chapter

Experimental and Theoretical
Study of the Adsorption Behavior
of Nitrate Ions by Layered Double
Hydroxide Using Impedance
Spectroscopy
Abderrahmane Elmelouky, Abdelhadi Mortadi,

Elghaouti Chahid and Reddad Elmoznine

Abstract

This chapter analyzes the experimental data using impedance spectroscopy to
reduce water pollution by nitrate ions. The adsorption is through a synthesized
layered double hydroxide (Zn3-Al-Cl-LDH). The kinetic study data analysis by
pseudo-first-order and pseudo-second-order models is highly correlated they were
found to fit very well the pseudo-second-order. This is confirmed by fast kinetic
modeling of experimental data according to the pseudo-second-order. Furthermore,
the Nyquist plots suggest that the grains and grain boundaries have contributed to
the conduction mechanism of the material at different adsorption times and moni-
toring of the adsorption phenomenon. The investigation by impedance spectros-
copy was used for modeling by an equivalent circuit. The real and imaginary
functions of impedance complex are analyzed by modifying Cole-Cole relaxation.
Revel most changes in the structure of the manifestation of the grains and the grains
boundaries. The alternative current (AC) conductivity was investigated using the
double power law of Jonscher. More importantly, the calculated value and the
percentage of efficiency are evaluated in the adsorption. The water molecules and
nitrate ions in the adsorbed were favored for the generation of the electrical
response. The electrochemical impedance spectroscopy data are often interpreted
by using electrical equivalent circuits.

Keywords: materials science, materials chemistry, impedance spectroscopy,
layer charge, ionic, conductivity, dielectric

1. Introduction

Impedance spectroscopy is used to obtain an electrical equivalent circuit that
showed the best fit of the experimental data. The analysis of these impedance data
using both Bode and Nyquist plots was useful for the identification and the
deconvolution of different processes of adsorption and interfaces. The adsorption-
desorption phenomena representing the fundamental and essential electrochemical
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processes at the solid-liquid interface and adsorption of ionic and nonionic surfac-
tants on the solid/liquid interfaces have been studied experimentally [1–4] and
theoretically [5–8]. The surface area of a solid electrode also affects adsorption
efficacy [3]. On the other hand, the contamination of wastewater by nitrate ions has
become an ever-increasing and serious environmental threat for a long time [9].
The disproportionate application of chemical products in industrial sectors causes
the increases in large quantities of this ion into wastewater and surface water [10].
The solubility of the ions of nitrate is very high in water [11] is considered the most
widespread contaminant exhibit a serious in this literature [12, 13]. The high
amount of nitrate in drinking water can cause a number of health problems such as
gastric cancer [14]. The methemoglobinemia or blue baby syndrome, a serious
health danger, occurs when nitrate is converted to nitrite which then reacts with the
hemoglobin to cause blueness of the skin of newborn infants; this is discussed by
[15]. The superior costs of adsorption using adsorbents such as activated carbon
prompt researchers to find other cheaper substitutes such as lamellar double
hydroxides (LDH) which have been shown to be effective for the removal of this
contaminant from industrial washing water [16–18]. Although studies have exam-
ined this material, its application toward the removal of nitrate has not been exam-
ined previously. Therefore, the present chapter is aimed to synthesize and to study
the efficient removal of nitrate by LDH. This system has low-mobility charge
carriers, which are believed to be responsible for the dielectric response.

2. Equipment and its use

2.1 Synthetic adsorbent and characterization techniques

The coprecipitation method was used to prepare Zn3-Al-Cl-LDH described by
[19], with constant pH (pH = 7) and molar ratio (R = Zn2+/Al3+). Pure ZnCl2
(0.3 mol) and AlCl3.6H2O (0.1 mol) solution with a molar ratio of R = 3 is dissoci-
ated in distilled water (250 mL) to produce solution (a) and solution (b) containing
NaOH (0.8 mol) and NaCl (0.05 mol) in 250 mL of distilled water. After solution
(b) is added to solution (a) with vigorous stirring at pH = 7 with an N2 start to
control contamination by carbonate ions. The precipitate was thoroughly washed
with deionized water and dried at 60°C for 24 h to obtain the LDH of formula
(Zn2.93Al (OH) 7.86) (Cl�. 1.87 H2O noted Zn3Al-Cl-LDH according to [20].

In the X-ray powder diffraction (XRD), the samples were recorded on an X-ray
diffractometer (SIEMENS D 501) with a radiation of λKα1 = 1.5405 Å and
λKα2 = 1.5444 Å. The patterns were recorded from 2° to 76° 2θ angles at a step size
of 0.02° and at a speed of 5°/min.

The Perkin-Elmer 16 PC Fourier transform spectrometer (FTS) was used for
infrared measurements. The samples were prepared in a pellet of 13 mm diameter
and 1 mm thickness using 2 mg of product diluted in 200 mg of KBr. The FT-IR
spectra were recorded in absorbance in the wave number range of 400–4000 cm�1

at 25°C with a resolution of 1 cm�1.
The frequency range from 20 Hz to 1 MHz was performed for impedance

spectroscopy measurements, with eight points per decade at room temperature
utilizing an impedance analyzer (Hewlett Packard 4192A). The electrical contacts
were performed using silver electrodes, which were deposited on the two circular
faces of the sample [19]. The magnitude of the applied signal is 0.6 V peak to peak.
An amount of 200 mg is pelleted to analyze the impedance [19]. The granulated
powder was compacted under a hydraulic press with 250 MPa pressure into discs of
13 mm diameter and 1 mm thickness approximately [19]. The impedance spectra
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were recorded at different adsorption times (5, 10, 20, 30, and 60 min). The
analysis and theoretical fitting by impedance spectroscopy using complex empirical
functions were carried out utilizing the software ZView 2.2 and Origin 8 for
modeling of the ionic conductivity and the imaginary function according to the real
function, respectively.

3. Results and discussion

3.1 X-ray diffraction

The X-ray diffraction patterns of Zn3-Al-Cl-LDH depicted in Figure 1 of the
sample are characteristic to those of a double lamellar hydroxide. The sample
was crystallized in a rhombohedral symmetry (space group: R-3m) with
(c/3) = d003 = 2d110 and a = 2d006. The lattice parameters c and a are, respectively,
2.38 and 0.31 nm. These values are similar to those reported in the literature [14].

The peak (1 1 0) indicates the intermetallic distance used to calculate a lattice
parameter (a = 2d110). Moreover, the values of the parameters c and a are,
respectively, 23.82 and 3.10 A°. These values are similar to those reported in the
literature [19].

3.2 Infrared spectroscopy

FT-IR confirms that the spectra of synthesized Zn3Al-Cl-(NO3
�)ads-LDH

(Figure 2) resemble those of hydrotalcite-like phases [21]. The FT-IR presents a
close-up view of the most important regions of the infrared spectra of Zn3Al-Cl-
(NO3

�)ads-LDH depicted in Table 1.
The frequencies of absorbance links in this material are reported in Table 1.

Indeed the infrared spectra of this material after adsorption at a different time show
the increase in the intensity of characteristic link of NO3

� ions at 1381 cm�1 as a
function of time.

Figure 1.
XRD pattern of Zn3-Al-Cl-LDH-blank.
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3.3 Inductively coupled plasma (ICP) spectrometry

The chemical formula Zn3-Al-Cl-LDH was obtained using the technical ICP
analysis, which shows that the theoretical ratio [R = (Zn2+/Al3+)] is close to that of
the synthesis. This characterization also suggests that the sample has a homoge-
neous chemical composition; the approximate chemical formula is (Zn2.93Al
(OH)7.86) (Cl

─. 1.87 H2O) for the metal ratio of R = 3. Cl─ anion intercalated.

3.4 Study of the adsorption in batch and determination of nitrate ions

3.4.1 Calibration curve

A series of vials of 50 ml each containing 1 mL of 0.5% sodium salicylate is
introduced: 8, 6, 4, and 2 ml of KNO3 solution (50 mg L�1) with, respectively, 2, 4,
6, and 8 ml of water. The contents of each flask are then evaporated to dryness in an
oven (75–80°C) to produce a residue which is dissolved with 2 ml of concentrated
H2SO4. After 10 min of rest has passed, 15 ml of distilled water and then 15 ml of a
basic solution made up of 40% NaOH, 6% sodium potassium tartrate, and then
50 ml with distilled water are then allowed to develop the yellow color characteristic
of the complex nitrate formed. The nitrate ion concentrations in the liquid phase
were determined by a spectrophotometric method (spectrophotometer type
JASCOV-630 λ = 415 nm).

The calibration curve obtained (Figure 3) is in good agreement with the Beer-
Lambert law.

3.4.2 Assays of nitrate ions in balance

The Zn3Al-Cl-LDH is contacted with a potassium nitrate solution (0.4 g/L) for
5 min, 10 min, 20 min, 30 min, and 60 min. Before washing Zn3Al-Cl-LDH after

Figure 2.
(a) FT-IR spectra of Zn3-Al-Cl visualized and (b) proposed adsorption mechanism between the adsorbent and
nitrate [22].

Sample Ratio v (OH) (cm�1) δ (H2)) (cm
�1) ν (M▬O) (cm�1) δ (O▬M▬O) (cm�1)

Zn3-Al-Cl-
LDH-blank

R = 3 3454.6 1628 613.38 426.28

Table 1.
Frequencies of absorbance bands.
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adsorption and which is intended for the dielectric analysis. The filtrate is recovered
corresponding to each time and fee in 1 mL is put in a 50 mL flask and then the
following procedure used for the tracing of the calibration curve.

3.5 Kinetic study

The adsorption kinetic studies were carried out by contacting Zn3Al-Cl-LDH
(Cm = 0.8 g/L) with NO3

� solutions (500 ml) of the initial concentration of
0.4 mg/L, respectively. The adsorption process was agitated at 25°C and a pH of 7.0
for several periods ranging from 5 to 60 min under inert atmosphere (N2). LDH
obtained after adsorption was filtered and then washed several times. The concen-
tration of the nitrate ion in the filtrate was determined by spectrophotometer at
415 nm. The nitrate amount qe (mg/g) loaded on adsorbents after adsorption
experiments and the percentage removal (removal %) of NO3

� ions from solutions
were calculated using the following equations:

qe ¼
C� Ceð Þ � V

m
(1)

and the removal

%ð Þ ¼ C0 � Ce

C0
� 100 (2)

where Ce (mg/L) is the equilibrium of nitrate ion concentration in solution,
C0 (mg/L) is the initial of nitrate ion concentration in solution, m (g) is the mass of
adsorbent, and V (L) is the volume of the solutions.

The equilibrium is reached after 30 min, with a maximum of approximately
59.12% adsorption capacity corresponding to a 295.62 mg/g of an affinity of the
adsorbate for the active sites of the adsorbent [23]. From Figure 3 it is quite clear
that the percentage of nitrate ion adsorption calculated by kinetic study and

Figure 3.
Curve calibration of spectrophotometer used for determination of NO3

� adsorbed.
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efficiency adsorption calculated by impedance spectroscopy are less than 10%
which shows that the values are close and both techniques are okay and best
correlated. From Figure 4 adsorption of nitrate ions by this system noted as a
function of adsorption time is quite rich on information. The adsorption phenom-
ena are due to the active sites in LDH interlayer with different electron donor sites
(active adsorption sites) on the ions (N&O) and relative humidity [24–26].

3.6 Analysis of adsorption kinetics

The different kinetic models including pseudo-first-order, pseudo-second-
order, and intraparticle diffusion are employed to investigate the mechanism of
adsorption and potential rate controlling steps such as chemical reaction mass
transport and diffusion control processes [27]. The pseudo-first-order and
pseudo-second-order are generally expressed as Eqs. (3) and (4), respectively
(Figure 5):

ð3Þ

t

qt
¼ 1

K2,ads � q2e
þ t

qe
(4)

where qe (mg/g) and qt (mg/g) are the adsorption of NO3
� ions on to adsorbents

at equilibrium and at time t (min), respectively; K1,ads (min�1) and K2,ads

(g/(mg min)) are the constants of the pseudo-first-order and pseudo-second-order
adsorption, respectively. Additionally h (mg/(g min)) is the initial adsorption rate
of pseudo-second-order which can be calculated using h = K2qe2.

The adsorption rate constants k1,ads and k2,ads of nitrate ions by (Zn3Al-Cl-LDH)
are deducted, respectively, from the curve log(qe-q) = f(t) and (t/qt) = f(t/qe)
(Figures 6 and 7).

The regression by the pseudo-second-order model agrees well to study the
adsorption of the nitrate ions by Zn3Al-Cl-LDH. The constant of adsorption rate

Figure 4.
Kinetic study evaluation of NO3

� removal by Zn3AlCl-(NO3
�)ads complex.
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confirms the rapid process noted during the kinetic study. The maximum amount
obtained by applying the pseudo-second-order model is very close to that deter-
mined by the kinetic study (�296 mg/g).

The values of the correlation factors obtained (Table 2) show that the measure-
ment data of kinetics follows the pseudo-second-order model (R2

≈ 0.99).

3.7 Constant diffusion rate determination

Intraparticle diffusion equation suggests that intraparticle diffusion is the rate-
limiting step in adsorption. The diffusion process may affect the adsorption of

Figure 5.
Pseudo-first-order model removal NO3

� by (Zn3Al-Cl-LDH).

Figure 6.
Pseudo-second-order model of removal NO3

� by Zn3-Al-Cl-LDH.
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nitrate ions on Zn3-Al-Cl-LDH due to the porous structure of the adsorbent and the
attractive effect of nitrate ions. Therefore the intraparticle diffusion is used to
explore the behavior of intraparticle diffusion is obeys Eq. (5) [27].

qt ¼ kip:t1=2 þ C (5)

where qt is the quantity retained at time t and kip are the diffusion rate
constants.

The results obtained (Figure 6) show that there are two stages. Region 1 is
attributed to the most readily available site on the surface of the adsorbent. Region 2
can be explained by a very slow diffusion of adsorption in the inner pores. Thus the
nitrate ion adsorption by Zn3-Al-Cl-LDH may be governed by the intraparticle
model [1]. The values of kp1 and kp2 diffusion rate constants for Region 1 and
Region 2, respectively, obtained by using the regression linear are shown in Table 2.

These values are in good agreement with the kinetic study. Indeed, in Region 1
the value of the slope (86.04) is greater than that of the Region 2 whose value is of
the order of 1.68. This can be explained by the availability of sites in Zn3-Al-Cl-LDH
at the beginning of adsorption. The release rate constants intraparticle using the
kinetics study was according the values respectively K1P = 86.04 with the R2 = 0.98
and K2P = 1.68 with the R2 = 0.99. The adsorption of nitrate ions by Zn3-Al-Cl-LDH
is confirmed by FT-IR spectroscopy. In fact the infrared spectra of the materials

Figure 7.
Intraparticle diffusion model for Zn3Al-Cl-(NO3

�)ads-LDH complex.

Pseudo-first-order Pseudo-second-order

K1.ads (min�1) qe (mg/g) R2 K2.ads (g/mg/min) qe (mg/g) R2

0.25 292.94 0.94 0.002 312.5 0.99

Table 2.
Kinetic parameters for Zn3Al-Cl-(NO3

�)ads-LDH complex.
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recovered after adsorption at various times (Figure 6) show the increase of the
intensity of the characteristic band of NO3

� at 1381 cm�1 in a function of contact
time of ions.

It could be seen that the plots were multilinear over the whole time range
suggesting that two steps were operational in the adsorption of NO3

� by Zn3-Al-Cl-
LDH. The first linear plot was the instantaneous adsorption or external surface
adsorption attributing to the rapid consumption of the available adsorption sites on
the adsorbent surface. The second stage was the gradual adsorption stage where
the intraparticle was the rate-limiting step, and the second portion was attributed to
the final equilibrium for which the intraparticle diffusion starts to slow down due
to the extremely few adsorption sites left on adsorbent which will be clearly in
impedance spectroscopy using the Nyquist diagram analysis by means of fit and
extrapolation of experimental data for both adsorption regions.

4. Impedance spectroscopy analysis

Using impedance spectroscopy one can distinguish between intrinsic (grain) and
extrinsic (grain boundaries). The Nyquist and Bode plots were used to interpret the
electrical relaxation processes associated with adsorption phenomenon and used to
search for the electrical analogue of the adsorption.

In order to determine the mechanisms responsible for the conductivity, in gen-
eral, the different variations of complex impedance spectra (Nyquist plot) consist
of two semicircle arcs corresponding to the grain interior and grain boundary. The
arc at a high frequency usually represents the grain response, and the low-
frequency arc corresponds to the grain boundary [28].

The impedance analysis allows one to determine the contributions of various
processes such as bulk effects and the grain boundaries. Figure 8 shows the complex
impedance plane plots (Nyquist plot) of the nitrate ion removal by the system
Zn3-Al-Cl-LDH (0 min ≤ t ≤ 60 min).

The analysis (Figure 8a and b) of the data by the Nyquist diagram allowed us to
determine the resistance values for the two regions in the time interval of 0, 5, and
10 min (Region 1) and 20, 30, and 60 min (Region 2). The separation into two time
intervals is justified by Figure 7 of the kinetic study and Figures 9 and 10 of the
impedance spectroscopy study.

Figure 8.
Nyquist plots for samples in Region 1 (a) and Region 2 (b), respectively, during adsorption phenomenon by
Zn3Al-Cl-(NO3

�)ads-LDH.
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Figure 11 shown is intended to show that there are only two capacitive loops in
the extrapolation technique of experimental data in a frequency range of 10�2 Hz to
1 MHz: one for the contribution of grain region and the other for grain boundary
contribution.

The estimated value of R is the difference between the high intercept and low
intercept values. If the data reflects a parallel R-C element with a depression angle
of zero, the estimated R will be the same as the diameter of the semicircle. Esti-
mated C is calculated using the relationship ωmax = 1/(RC) and depends on the
accuracy of ωmax.

The Nyquist (Figures 12 and 13) plot studies discovered the presence of grain
and grain boundary which then become dipoles when they are subjected to the
action of an electric field. We thus observe two phenomena of relaxations, no more
of which are observed as the maximum in the Nyquist plot (Cole-Cole). We also
find that we have two different regions that are two constants of the time τg and τbg

using extrapolation by a corresponding equivalent circuit of data, which leads us to
say this kinetic is mixed and it is what we confirmed by the chemical kinetic study.

Figure 9.
Variation of the ratio (Rbg/Rbgmax-Rbg) according to the square root of the adsorption time.

Figure 10.
Variation of σ’ac conductivity for (a) Region 1 and (b) Region 2 as a function of frequency.
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After analyzing and evaluating the spectra using ZView 2.2 software, we
extracted the parameters mentioned in Table 3. From the values shown in Table 3,
it is observed that the adsorption efficiency increases when showing the fixing of
nitrate ions on the surface of Zn3-Al-Cl-LDH. We used other quantities extracted
from the equivalent circuit. The quantities are the dispersion coefficient for the
grain and the grain boundary, on the one hand, and the grain and grain seal
capacity, on the other hand, as a function of the adsorption time in order to follow

Figure 11.
Superposition of experimental data done by the equivalent electrical circuit and extrapolation of different
adsorption times.
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the phenomenon of adsorption of the nitrate ions to the available pores of
Zn3-Al-Cl-LDH.

4.1 Intraparticle diffusion rate constant

In order to test the existence of intraparticle diffusion in the adsorption process,
the amount of nitrate adsorbed per unit mass of adsorbents q at any time t was

Figure 12.
Fitting and extrapolation of data experimental using equivalent circuit at all times of adsorption at room
temperature.
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plotted as a function of square root of time (t1/2). The rate constant for intraparticle
diffusion was obtained using the Weber-Morris equation given as follows [35]:

q tð Þ ¼ kp:
ffiffi

t
p

þ c (6)

where q is the amount of nitrate adsorbed in mg/g of adsorbent, kp is the
intraparticle diffusion rate constant, and “t” is the agitation time in minutes. Due to
stirring, there is a possibility of transport of nitrate species from the bulk into the

Figure 13.
Extrapolation of tan (d) measurement data of Zn3-Al-Cl-LDH for t = 5 min (a) and (b) t = 60 min.

Sample Rg (Ω) (E%)g Rbg (Ω) (E%)bg pg pbg Tg (Ω�1.sα) Tbg (Ω
�1.sα) X2

0 11,513 0 61,702 0 0.71 0.43 2.05 1.42 0.003

5 36,160 2.14 157,410 1.55 0.73 0.63 1.90 0.34 0.001

10 40,275 2.49 196,670 2.19 0.74 0.62 1.64 0.23 0.001

20 41,753 2.62 302,160 3.90 0.75 0.63 1.49 0.28 0.001

30 42,584 2.69 298,590 3.84 0.76 0.64 1.43 0.24 0.0008

60 43,504 2.77 319,590 4.18 0.77 0.66 1.39 0.14 0.0001

Table 3.
The values of the fitted corresponding equivalent circuit parameters.
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pores of the LDH as well as adsorption at an outer surface of the LDH. The rate-
limiting step may be either adsorption or intraparticle diffusion.

Different regions of a system sample are characterized using a resistance and a
constant phase element (CPE) placed usually in parallel, where subindexes “g” and
“gb” refer to grain and grain boundary, respectively (Eqs. 7 and 8):

τg ¼ Rg:Tg

� �
1
pg and τjg ¼ Rjg:Tjg

� �
1
pjg (7)

Cg ¼ R
1
pg�1:T

1
pg and Cjg ¼ R

1
pjg�1:T

1
pjg (8)

The values of the individual Rg.Cg and Rbg.Cbg components may then be quanti-
fied. Let us now see some practical examples of data and interpretation. A common
type of impedance spectrum for Zn3-Al-Cl-(NO3

─)ads LDH shows the presence of
two distinct features attributable to intergrain or bulk and intergrain or grain
boundary regions, using Eqs. (7) and (8) for obtained correspondent values listed in
Table 4.

4.2 AC conductivity analysis

The ionic conductivities extracted from the data using the equivalent circuit of
Figure 14 depicted in Figure 15a and b show the variation of AC conductivity with
frequency at various times of adsorption for nitrate ions in the surface of the ionic
clay. The log–log curves are flat in the low-frequency region as the conductivity
values approach those of the DC conductivity. As frequency increases, the curves
become dispersive. In the high-frequency range, weak time dependence may be
noted, and it is evident that the shapes of the curves are similar. In most materials
AC conductivity due to localized states may be described using the equation of
double power law of Jonscher [29]. In the electrical conductivity at different times
of adsorption, it is clear from the plot that above a certain point, the conductivity
increases linearly with frequency. From Figure 8, it is also evident that the DC
contribution is important at low frequencies and the high time of adsorption,
whereas the frequency-dependent term dominates at high frequencies [30–34].

It can be observed (Figure 15a and b) that increased with increasing frequency.
This can be explained in terms of conductivity of grains separated by highly
resistive grain boundaries. According to this model, the AC conductivity at low
frequencies exhibited the grain boundary behavior, while the dispersion at high
frequency is attributed to the conductivity of grains. This variation corresponding
to the interpretation of LDH materials has two types of charge carrier, which are
responsible for the dielectric relaxation [35]. As reported in our earlier article [36],
the proton of the polarized clusters of water is the first carrier, and the nitrate ions

Time (min) τg (ns) τjg (μs) Cg (pF) Cjg (nF) Rjg/Cjg Kp

0 1.10 3.91 0.95 0.63 0.13 0.00

5 2.00 5.35 0.51 0.49 0.29 0.62

10 2.60 10.9 0.64 0.55 0.47 0.83

20 2.90 19.95 0.79 0.66 0.60 0.92

30 3.06 17.13 0.69 0.57 0.69 0.96

60 3.36 9.03 0.77 0.28 0.95 1.00

Table 4.
Results obtained by the corresponding equivalent electrical circuit.
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of the adsorption surface of LDH region (Figure 2b) is the second one. The proton
transfers to produce OH� and HOþ

3 ions (hydrogen bonding) at every path end of
water clusters in the presence of the applied electric field due to proton hopping
(inter-cluster hopping at low-frequency region and intra-cluster hopping at high
frequency) (Figure 2c). In this condition, nitrate ions also transfer from their
equilibrium positions to serve as an additional charge carrier.

Figure 14.
Separation behavior of the conductivity (a) of grains and grain boundaries. (b) Nyquist diagram showing
the behavior of the grain and grain boundary for the adsorption time 5 min. (e) and (e) in the representation
of the imaginary part of the conductivity. (c) Variation of the grain boundary pulsation for the adsorption
time 5 min.

Figure 15.
Variation of the resistor (a) grain boundaries and (b) grains as a function of square root of time.
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Figures 13 and 15 show that σ’ac (ω) becomes almost independent of frequency
below a certain value when it decreases with decreasing frequency. The ionic
σ’ac (ω) conductivity will be obtained using the technical extrapolation of this part
of spectra toward lower frequency.

The conductivity σ’ac frequency dependence can be described in the majority of
ionic conductors by the simple power law Jonscher according to [37] descript be one
term dispersion although our system provides else dispersion term depicted in
Figures 7 and 8.

σ
0
ac ωð Þ ¼ σDC þ Agω

pg þ Abgω
pbg (9)

The charge carriers are the adsorbed nitrate ions, and the protons originate from
adsorbed mobile water located on the surface of the clay [4]. On the other hand the
charge carriers are responsible for the second jump which is generated by the anions
Cl� and the H3O

+ ions intercalated in the interlamellar region according to [38].
The slope changes in the conductivity variation depicted in Figure 10a and b

confirms that the conductivity of our system exhibits two behaviors of frequency
dispersion: low-frequency dispersion associated with grains and the other for grain
boundaries (Figure 14a and b).

Usefulness of figures: Figure 10a of variation suggests the presence of a hopping
mechanism in these samples. Such type of conducting behavior is well described by
Jonscher’s universal power law.On theother hand, our systempresents twopower laws.

The Figure 10b of variation suggests two contributions grains and boundaries
grains. This manifest itself in the conductivity diagram, with two hopping conduc-
tions which lead to two different slopes.

The figure shows that the joint region of grains is the regions that adsorb nitrate
ions, but this variation influences the grain region. On the other hand, this finding is
in good agreement with the evolution shown in Figure 16a.

The figure presents the deconvolution in order to separate contributions grains
and grain boundaries as a function of frequency.

4.3 Modeling of the electrical conductivity through the equivalent electrical
circuit

From the modeling performed by an electrical circuit during the study of inter-
calation according to [39, 40], we have learned some physical characteristics of this

Figure 16.
Variation of the percentage of the relative difference in (a) grain boundary resistance and (b) grain at the
different times of adsorption.
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material. The circuit consists of a resistor in parallel with a constant phase element
(CPE) characterized by a pseudocapacitance and Tp (scattering coefficient).

The conductivity of this circuit is of the following form [40]:

σ
0
ac ωð Þ ¼ e

S
� y0 ωð Þ (10)

where the real part of the admittance is

Y 0
ωð Þ ¼ 1

R
1þ ωτð Þp cos pπ

2

� �� �

(11)

Using the simulation of Eq. 11, we have obtained the equation of the admittance
of grain established by the following expression:

Y0
g ωð Þ ¼ 1

R
1þ ωτð Þg

pg cos
pgπ

2

� �	 


(12)

Finally the conductivity of grain is shown in the following equation:

σ
0
ac ωð Þ ¼ k

R
1þ ωτð Þpgg cos

pgπ

2

� �h i

¼ σdcg þ
k

R
� ωτð Þpgg cos

pgπ

2

� �

σ
0
ac ωð Þ ¼ σdcg 1þ τð Þg

pg cos
pgπ

2

� �

� ω
pg

� �

σ
0
ac ωð Þ ¼ σdcg 1þ ω

ωhg

� �pg� �

(13)

with ωhg ¼ τ
pg
g cos pgπ

2

� �� ��1 the pulsation of hopping
In the term of conductivity, plots of the lower frequency dispersion correspond

to the presence in grain boundary; this region can be approximately modeled by the
circuit similar to the one depicted in Figure 17 (grain boundary).

By similar calculations, the expression of the grain seal conductivity follows the
shape of the following expression:

σ
0
ac ωð Þ

� �

bg
¼ k

R
� 1þ ωτð Þpbgbg � cos

pbgπ

2

� �	 


¼ σdcð Þbg þ
k

R
� ωτð Þpgb cos

pbgπ

2

� �

σ
0
ac ωð Þ

� �

bg ¼ σdcð Þbg � 1þ τð Þpbgbg cos
pbgπ

2

� �	 


� ω
pbg ,

σ
0
ac ωð Þ

� �

bg ¼ σdcð Þbg � 1þ ω

ωhbg

� �pbg
	 


(14)

with ωhbg ¼ τ

pbg
bg cos

pbgπ

2

� �
 ��1

is the pulsation of hopping

Figure 17.
Corresponding equivalent circuit used to fit by EIS experimental data of intercalation.
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The total conductivity of the sample is similar for the different adsorption times;
the evolution is typical called the double power law of Jonscher [41].

From the modeling performed by an electrical circuit during the adsorption study,
we learned some physical characteristics of thismaterial through the equivalent circuit
modeling of the grain boundaries according to literature reviews [42] (Figure 18).

Figure 19 shows the electrical conductivity of the sample as a function of
frequency. Two different regions can be distinguished. In Region 1, the conductiv-
ity is dominated by grains and in Region 2 is dominated by boundary grains [42],
where the conductivity increases with increasing frequency. The electrical conduc-
tion of the sample follows a consecutive hopping mechanism. Whenever it is trans-
ferred to another site, the surrounding molecules respond to this perturbation with
structural changes, and the electron or hole is temporarily trapped in the potential
well leading to polarization. Another aspect of this charge hopping mechanism is
that the electron or hole tends to associate with local defects [3, 43].

The dependence of the AC conductivity on frequency can be expressed by the
following law:

σ
0
ac ωð Þ ¼ σDC þ Ag � ω

pg þ Abg � ω
pbg (15)

where Ag is a pre-exponential factor and Abg is the frequency exponent
[8, 44–46], which generally is less than or equal to 1. Figures 7 and 8 show the
frequency dependence of the AC electrical conductivity at different times of adsorp-
tion. It is clear from the plot that above a certain point, the conductivity increases
linearly with frequency. In these figures it is also evident that the DC contribution is
important at small frequencies and high frequencies, whereas the frequency-
dependent term dominates at high frequencies. Also in the low-frequency region, the
conductivity depends on the time of adsorption. Such dependence may be described
by the variable range hopping (VRH) mechanism also called hopping conduction
mechanism. The value of Ag and Abg in Eq. (13) was extracted from the slope of the
plot of Log(σ’ac) versus Log(f), and this value was used to explain the conduction
mechanism in the sample. The capacitance adsorption is called double layer capaci-
tance is the dependence of values was plotted, and it is seen that the frequency

Figure 18.
Corresponding equivalent circuit to fit by EIS experimental data contribution of cluster (NO3

─H3O
+) adsorbed

on the surface (grain boundary).

Figure 19.
Corresponding equivalent circuit used to fit the EIS experimental data of conductivity for sample study.
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exponent decreases with increasing surface adsorption. This result is in clear agree-
ment with the correlated barrier hopping (CBH)model, so the frequency dependence
of σ’ac can be explained in terms of this model [47–53].

Better fundamental understanding of the adsorption phenomenon is modeled by
the equivalent circuit depicted in parentheses (Figure 19).

This circuit has the expression of conductivity is following Eqs. 10. Use the fit by
this circuit the results of the simulation are tabulated in Table 5. The values of the
conductivity of grains and grain boundaries fitted and evaluated using the equiva-
lent electrical circuit are reported in Table 5.

All frequency sweeps from this experiment were analyzed using the model of
double power law to give σbg values σg grain relaxation time and grain boundary. In
all cases the double power law provided an excellent fit to the data; Figure 10a and b
is a plot of σ’dc values as a function of frequency for the two regions.

In the model hopping, we distinguish two different characteristics in measure-
ment frequency range. The charge transport takes place via an infinite percolation
path in intermediate frequency. At high frequencies when the conductivity
increases, the transport is dominated by a hopping contribution in finished areas of
the system and is manifested in the variation of conductivity as a function of
frequency by slope breaks such as pg and pbg.

4.4 Correlation between kinetic and impedance spectroscopy studies

Throughout in this study, the electrical properties of adsorption of nitrate by
system LDH using the spectroscopy impedance as technical the investigation and
monitoring of adsorption is important for the excellent result using the resistor of
grains and the resistor of boundaries grains (Figure 20).

In order to attributed the second semicircle to a feature of the system, it is
essential to have a picture of an idealized Zn3Al-Cl-(NO3

�)ads-LDH with grains and
grain boundaries and consider the factors which control the magnitude of the grain
boundary impedance. Figure 2b model represents a Zn3Al-Cl-(NO3

�)ads-LDH.
These results such as those shown in Figure 21a-d are useful for several reasons:

• To indicate whether the overall resistance of a material is dominated by bulk
or grain boundary assured by the adsorption of nitrate

• To assess the quality and electrical homogeneity in themonitoring of adsorption
since there is generally a link between sintering/microstructure and AC response.

• To measure the values of the resistances and capacitances at different times
of adsorption

Time (min) σg (μS/m) σbg (μS/m) τbg (μS) τg (ms) Cbg (nF) Cg (pF)

0 8.685 1.620 1.10 3.89 1.01 0.634

5 2.770 0.7812 1.69 7.86 0.601 0.713

10 2.95 0.369 2.02 21.16 0.752 0.784

20 3.044 0.2493 2.58 28.26 0.983 0.704

30 3.761 0.34602 2.85 7.2 0.795 0.550

60 2.29 0.3125 3.35 3.86 0.895 0.121

Table 5.
Values of the conductivity relaxation time and the capacitance of grains and grain boundaries.
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The distinction between kinetic and complex impedance spectroscopy study
later controls the magnitude of the grain and the grain boundary and with
a typical bulk permittivity in the range 103 to 105 using the relation and

Figure 20.
Correlation figures between the kinetic and impedance spectroscopy studies of adsorption.
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visualized in Figure 17 show the variation of imaginary part of permittivity at 1 kHz
the frequency.

5. Conclusion

Characteristic band of NO3
� and LDH, which indicated to the intercalating

process, has been successful in the FT-IR diagram. Dielectric response of
Zn3-Al-Cl-LDH samples has been explained using the Cole-Cole presentation
during the adsorption phenomenon. The resistor of the sample increased from
73,215 to 363,094 Kohms, and also the conductivity spectra exhibited high
conductivity in high frequency according to two mechanisms of hopping conduc-
tion: one of the water molecules and the other of the nitrate ions adsorbed in the
LDH. The mathematical fitting obtained using the equivalent circuit of these
diagrams was carried out to obtain the conductivity following the double power law
of Jonscher.
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